Rice bran is a biomass residue that is produced in large quantities in rice-growing regions of Nigeria. Although it is a good source of fuel and its rate of generation is enormous, this essential residue aggregates as waste at rice mills, rice fields, and other processing centers. This causes a disposal problem that leads to environmental pollution. There is also the problem of overconsumption and dependency on wood fuel as a source of energy. Rice bran briquettes serve as an alternative solution for the disposal problem and reduce the consumption and dependency on wood fuel. Three grades of cylindrical briquettes with centrally located holes were produced from a mixture of rice bran and palm kernel shells of different mixing ratios using cassava starch as a binder. The mixing ratio with highest heating value was determined. Cassava starch was found to be more suitable because it has a higher binding effect, burns effectively with less smoke, and it is cheap and readily available. The palm kernel shells were ground into three different particle sizes (2 mm, 4 mm, and 6 mm). The three sizes of ground palm kernel shells were mixed separately with rice bran, each in ratios of 1:9, 2:8, 3:7, 4:6, and 5:5 (palm kernel shell to rice bran). The briquettes were made using a manually operated machine with sixteen moulds at the optimum pressure of 3.5 N/mm2, which formed briquettes with a density of 524 kg/m2. The higher heating value of the briquettes was 14.25 MJ/kg. The calorific value increased with a decreasing palm kernel shell grain size, and the maximum calorific values were obtained in the 3:7 ratio (palm kernel shell to rice bran). The briquettes were produced with a ratio of 6:1, rice bran-palm kernel shell to starch.
I. INTRODUCTION
The recycling of agricultural waste products, specifically rice bran, into useful products is rarely practiced in developing countries such as Nigeria. This has led to environmental problems, such as pollution, resulting in refuse on the streets and in the drainage systems and water ways, causing blockages of water ways on rainy days. This practice has also led to the outbreak of epidemics [1] .
In the past, researchers have focused on alternative fuel sources to meet the ever-increasing energy demand and to avoid dependence on fossil fuel [2] . Rice bran is a potential agro residue that could be used to make briquettes, which do not pose collection or drying problems. A promising alternative is biomass because of its renewability, abundance, and environmental friendliness in which includes no release of carbon dioxide and a very low sulphur content [3] . Biomass is difficult to handle, transport, store, and utilize in its original form due to high moisture content irregular shape and size, and low bulk density [4] . These problems can be solved by compacting the biomass materials into briquettes to be used as a solid fuel. Rice bran is another form of biomass that is a potential substitute for coal as it has a good quality, low moisture content, and is readily available. The production statistics of paddy rice are increasing worldwide. It has been estimated that 588 million tones of paddy rice was produced worldwide in 1999, with Nigeria producing 3.397 million tones. And for every one hundred kilograms of paddy rice 18-20 kg of rice bran is generated [5] . It was estimated that approximately 6.1-6.8 x 10 kilograms of rice bran were produced in Nigeria in 1999.
Fuel is defined as a natural or artificial organic substance used as a source of energy or raw material for industries. Fuels, according to their state of aggregation, are divided into three types: solid, liquid, and gaseous, and according to their origin, are a natural or artificial fuel [6] . Bound or compressed rice bran (briquettes) is a solid fuel and are natural. Briquetting is defined as the compaction of loose combustible material for fuel-making purposes. The products obtained from the process of briquetting are known as briquettes, which are blocks of flammable matter used as fuel to start and maintain fires. A briquette can be homogenous or non-homogenous. Desirable materials for making briquettes include sawdust, paper mill waste, coconut husks, rice bran, olive refuse, and wheat straw, etc. Their heating value can be improved by adding palm kernel shells. In order to validate the effectiveness of rice bran briquettes, there is need to determine and quantify their energy content.
In an earlier work, biomass materials, such as palm kernel shells, charcoal, coconut shells, and coconut fibres, were mixed with sawdust in various proportions and the calorific values of the derived briquettes were discovered. Researchers have attempted to develop different composite briquettes. Zhongqing, et al. (2015) [7] worked on the determination of pyrolysis characteristics and kinetics of palm kernel shells using TGA-FTIR and model-free integral methods. Akintunde (2012) [4] reported on the effects of paper and palm kernel shells on mechanical properties of sawdust briquettes. Ajueyitsi (2011) [8] studied coconut husk/sawdust briquettes; Kakits, et al., (2011) [9] analyzed wheat straw, hemp stalks, reed, and reed composition with peat biomass densification. Wamukonya, et al. (1995) [10] investigated the possibility of producing durable binderless briquettes from sawdust and wheat straw. Granada, et al., (2002) [11] designed the die and prepared fuel lingo cellulosic briquettes from a mixture of African Mongoy and Canadian Oak. Adegoke and Mohammed (1999) [12] worked on the production of briquettes using sawdust and palm kernel shells.
In this paper, briquettes were made of rice bran and palm kernel shells in different grain sizes, and their heating values were determined experimentally using a bomb calorimeter. The right proportion ratio of the rice bran to palm kernel shells for effective burning was determined, as well as the proportion with the highest heating value. The heating values using rice bran alone and when mixed with palm kernel shells using local starch as the binding agent were compared. Starch was chosen because it is readily available, cheap, and can be used in raw form. It also has a higher binding effect and burns effectively with less smoke. This research only covered the production of briquettes with mixing ratios of 1:9, 2:8, 3:7, 4:6, and 5:5 of palm kernel shell to rice bran using cassava starch as the binder. The effects of other mixing ratios, binding agents, and particle sizes of palm kernel shells (apart from the ones mentioned earlier) on the burning rate of the briquettes were not considered in this study.
II. MATERIALS AND METHODS

A. Materials
The biomasses involved in this work were rice bran and palm kernel shells with cassava starch as the binder. These three materials were selected because they are readily available in large quantities. The rice bran materials were collected from Igbemo-Ekiti in Ekiti State, and the unwanted materials were removed by sorting method to ensure fine particles of the bran in the required sizes. The palm kernel shells were collected from small agro farms in Akure in Ondo state. The rice bran materials were sorted using a 180 W sieve shaker, while the palm kernel shells were grinded into particles (2 mm, 4 mm, and 6 mm diameters) using a 0.75 KW pulverizer. The cassava starch was sourced locally and the machines were located at the Mineral Science Laboratory of Metallurgical and Material Engineering Department at Oba-Kekere, Federal University of Technology, Akure, Ondo State, Nigeria. Locally made starch was found more suitable because it has a higher binding effect and burns effectively with less smoke [13] .
B. Briquetting Process
In briquetting the rice bran and palm kernel shells, the rice bran was ground to a semi fine powder form. The palm kernel shells were ground into three different particle sizes (2 mm, 4 mm, and 6mm diameters). The three particle sizes of palm kernel shells were mixed separately with rice bran, each in ratios of 1:9, 2:8, 3:7, 4:6, and 5:5 of palm kernel shell to rice bran. The briquettes were formed by compressing the mixture of rice bran and palm kernel shells into the moulds of a manually operated briquette-making machine developed by [14] .
The machine operated on hydraulics and consisted of sixteen moulds into which the mixed biomass was fed. The mixed biomass was loaded into different moulds on the machine and pressure was applied to compact it, after which it was ejected by the machine to for dry, as shown in Figs. 1, 2 , and 3 below. The pressure ranged from 1.5 Nmm -2 to 7.5 Nmm -2 (with optimum pressure of 3.5 Nmm -2 ), which formed briquettes with densities between 200 kgmm -3 and 550 kgmm -3 . The piston was lowered, compressing the mixture, until the desired pressure was reached. The briquettes were produced in the ratio of 6:1, rice branpalm kernel shells to starch. The briquettes were then sun dried for a week to obtain strength. The manually operated briquettemaking machine is shown in Fig. 1 , the briquetting process is shown in Fig. 2 , and briquettes from rice bran and palm kernel shells using starch as the binder are shown in Fig. 3 . 
C. Determination of Calorific Values
The calorific value of a fuel is the amount of heat released when a unit mass is burned. Benzoic acid of known calorific value was used to calibrate the bomb calorimeter, and the caloric values of the samples were as follow:
Mass of benzoic acid in crucible = ml (g)
Calorific value of benzoic acid = 6.32kcal/g Heat released from benzoic acid = 6.32x ml (kcal). If galvo-deflection without sample is γ 1 division, and the galvodeflection with benzoic acid is γ 2 divisions, then galvo-deflection due to benzoic acid γ b, will be: Six tests were carried out for benzoic acid of mass 0.7 g. Hence,
If the mass of the sample equals m 2 (g) and the galvo-deflection from the sample equals (γ 3 -γ 1 ) divisions, the heat released by the sample, Q RS , is given as follows:
The calorific value of sample Q is: kcal/kg (5) Or (6) Since 1 kcal = 4.186 kJ
Eq. (6) was used to compute the calorific value of the samples. Three experiments were performed for each sample and the average value was taken as the calorific value of the sample. The highest heating value obtained from the experiment was 14, 250 KJ/Kg. This value was confirmed using ASTM D5865 -13 [15] , which is the ASTM standard for determining calorific value.
D. Determination of Briquette Density
Cylindrical briquettes with center holes were produced in this work. The density of the briquettes was determined immediately after ejection from the mould, and this was calculated from the ratio of the mass to the volume of the briquette. The mass was obtained by using a digital weighing scale, while the volume was calculated from the external diameter, internal diameter, and the height of the briquette. The external diameter of the briquette was measured in three positions (at the top, middle, and bottom). The diameter of the internal hole was measured twice at both ends of the briquette (with the two measurements at perpendicular orientations) and the height was measured in four positions (90 0 to each other around the briquette) by means of a Vernier caliper.
The relaxed density of the briquettes was determined in dry conditions after nineteen days. It was calculated simply as the ratio of the briquette's weight to the new volume. Relaxed density can be defined as the density of the briquette obtained after the briquette has remained stable. It is also known as spring back density.
Density ratio was calculated as the ratio of relaxed density to maximum density. (7) In this formula, maximum density is the compressed density of a briquette immediately after ejection from the briquetting machine.
III. RESULTS AND DISCUSSION
The calorific values of all the briquette grades were determined. Grade A briquettes consisted of fine rice bran and 2 mm palm kernel shells, Grade B briquettes consisted of fine rice bran and 4 mm palm kernel shells, while Grade C briquettes consisted of fine rice bran and 6 mm palm kernel shells. Fig. 4 shows the relationship between the value and the percentage by weight of palm kernel shells in the briquette for the different grades of shells and with starch as the binding agent. The results showed that the finer the grain size of the palm kernel shells in the briquette, the higher the calorific value, up to a percentage by weight of about 33%. The calorific values for the 4 mm and 6 mm sizes were about the same, indicating that for grain sizes above 4 mm, there was no marked improvement in calorific values, i.e. finest grain size (2 mm) displayed the highest calorific value. Hence, the grain sizes of the palm kernel shells must be below 4 mm for improved calorific values. The results also showed that irrespective of the grain size, calorific value increased with increased weight of palm kernel shells in the briquette, up to a little above 30% by weight. Tables 1 and 2 show the physical analysis and combustion characteristics of the Grade A briquettes. The experiments were performed thrice and the mean readings were taken for all the briquettes of different grades of palm kernel shells. Fig. 5 , the mean heating value obtained for the briquettes produced from rice bran and palm kernel shells of Grade A, B, and C were 14,250 kJ/kg, 13,890 kJ/kg, and 13,540 kJ/kg, respectively, with 14,250 kJ/kg as the highest heating value. This energy value is sufficient to produce the heat required for household cooking and small-scale industrial cottage applications compared to the heating value of 13,390 kJ/kg of rice bran alone. It also compared well to most biomass energy obtained in the previous work. For examples, corncob = 20,890 KJ/kg [13] , groundnut shell briquette = 12,600 kJ/kg [16] , cowpea = 14,372.93 kJ/kg, and soybeans =12,953 kJ/kg [17] .
IV. CONCLUSION
In the application of using rice bran to create a solid fuel, forming briquettes facilitated handling, storage, and transportation. Changing rice bran into a solid fuel not only provides fuel but also keeps the environment clean, and slows deforestation for wood fuel. The briquetting process is economical, cheap, and affordable for rural and low-income urban dwellers. Moreover, the binder does not contain harmful agents.
The maximum calorific values obtained were seen in the 3:7 ratio of palm kernel shells to rice bran. The study results also showed that the finer the grain sizes of palm kernel shells in the briquette, the higher the calorific value, to a percentage by weight of about 33%. The finest grain size (2 mm) displayed the highest calorific value. Hence, the grain sizes of the palm kernel shells must be below 4 mm to obtain improved calorific values. 
